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Antimicrobial activitiesAbstract Condensation of 2-hydroxy-1-naphthaldehyde with 2-amino-3-carboxyethyl-4,5-dimeth-
ylthiophene in 1:1 molar ratio, yielded a potentially tridentate Schiff base viz. 2-[N-(20-hydroxy-1-
naphthylidene)amino]-3-carboxyethyl-4,5-dimethylthiophene (HNAT). This ligand formed
complexes with lanthanum(III), cerium(III), praseodymium(III), neodymium(III), samarium(III),
europium(III) and gadolinium(III) chloride under well deﬁned conditions. These complexes were
characterized through elemental analysis, molar conductance, magnetic moment measurements,
IR, UV–Vis, FAB mass and 1H NMR spectral studies. Analytical data showed that all the metal
complexes exhibited 1:1 metal–ligand ratio. Molar conductance values adequately conﬁrmed the
non-electrolytic nature of the metal complexes. The proton NMR spectral observations supplement
the IR spectral assignments. The spectral data revealed that the ligand acted as neutral tridentate,
coordinating to the metal ion through azomethine nitrogen, ester carbonyl and naphtholate oxygen
without deprotonation. The ligand and its lanthanum(III) chloride complex were subjected to XRD
studies. The lanthanum(III) chloride complex has undergone a facile transesteriﬁcation reaction.
The solid state d.c. electrical conductivity of some selected complexes were measured as a function
of temperature, indicating the semiconducting nature of the metal complexes. The antimicrobial
380 K. Mohanan et al.activities were examined by disk diffusion method against some pathogenic bacterial and fungal
species.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Schiff bases are very accomplished ligands in transition as well
as inner-transition metal complexes with suitable properties
for theoretical and practical applications. Heterocyclic Schiff
bases derived from 2-hydroxy-1-naphthaldehyde have received
an overwhelming attention, particularly in the study of com-
plex formation because they exhibit photochromism and ther-
mochromism in the solid state as well as in solution (Yildiz
et al., 2006). The presence of o-hydroxy group has been re-
garded as one of the important elements which favors intramo-
lecular hydrogen bonding (O–H  N and O  H–N) and also
the formation of either enol–imino or keto–amino tautomers
(Bige et al., 2009). Tautomerism in 2-hydroxy-1-naphthalde-
hyde (Temel et al., 2002) Schiff bases both in solution and in
solid state were studied using different spectroscopic tech-
niques and theoretical methods (Tezer and Karakus, 2009).
The synthetic versatility, favorable optical and electronic prop-
erties and a wide spectrum of pharmacological, medicinal and
biological activities of compounds containing thiophene moi-
ety have prompted to prepare a Schiff base by condensing 2-
hydroxy-1-naphthaldehyde (Temel et al., 2004; Temel, 2004)
and 2-amino-3-carboxyethyl-4,5-dimethylthiophene (Pabitra
et al., 2010; Sharaby, 2007; Sharaby et al., 2005). The unique
magnetic, spectroscopic and luminescent properties of lantha-
nide(III) ions are the main reasons for the importance of these
complexes in industrial, chemical, bio-chemical and medicinal
ﬁelds (Radhika et al., 2007). The lanthanide(III) complexes
have also been used for photodynamic therapy as radiophar-
maceuticals (Niyama et al., 2005). However, lanthanide(III)
complexes formed from heterocyclic Schiff bases, particularly
those containing a thiophene ring system, have received com-
paratively less attention. Apart from structural diversities
and bonding interactions, the multitude applications of lantha-
nide complexes make them an exciting arena of coordination
chemistry (Singh et al., 2010). Herein, we report the synthesis
and structural characterization of lanthanide(III) chloride
complexes with tridentate ONO donor Schiff base ligand.
The d.c. electrical conductivity and thermal behavior of the
metal complexes have been also studied. Antibacterial and
antifungal activities of these compounds against the bacterial
species (Staphylococcus aureus, Bacillus subtilis, Escherichia
coli and Pseudomonas aeruginosa) and the fungal species
(Aspergillus niger and Candida albicans) have been also
examined.
2. Experimental
2.1. Materials
The lanthanide oxides were obtained from Indian Rare Earth
Ltd. (IRE) at Chavara in Kerala, India and used without fur-
ther puriﬁcation. The lanthanide(III) chlorides were prepared
by dissolving the corresponding metal oxides in 50% hydro-chloric acid, followed by crystallization. Analytical Grade
chemicals were purchased from Merck and Aldrich and used
as received. Commercial solvents were distilled and used for
synthesis.
2.2. Physical measurements
Carbon, hydrogen and nitrogen analyses of the ligand and its
metal complexes were carried out on a Heraeus Carlo Erba
1108-CHN analyzer. The metal contents of the complexes were
determined gravimetrically by the oxalate–oxide method
(Kolthoff and Elving, 1963). Melting points were determined
in open glass capillaries and uncorrected (Tempo melting point
apparatus). Molar conductance of 103 M solutions of the me-
tal complexes in DMF and DMSO was measured at room tem-
perature with a Systonics Type 304 digital conductivity meter.
Proton NMR spectra of the ligand and its lanthanum(III)
chloride complex were recorded on a JEOL GSX 400 MHz
FT-NMR spectrophotometer using DMSO-d6 as solvent and
TMS as an internal standard. Fast atomic bombardment mass
spectra (FAB-MS) were obtained using a VGZAB-HS spec-
trometer in a 3-nitrobenzylalcohol matrix. The infrared spec-
tral studies were carried out using KBr disk on a Shimadzu
FT-IR 8000 spectrophotometer and far infrared spectra were
recorded on a polytec FIR 30 infrared spectrometer using
CsI disk. The electronic absorption spectra were obtained on
a Hitachi 320 spectrophotometer. Magnetic susceptibility mea-
surements were carried out by employing Magway MSBMK-1
susceptibility balance at room temperature. Thermogravimet-
ric analysis of the lanthanum(III) chloride complex was carried
out using a Mettler Toledo Thermogravimetric analyzer in dy-
namic air, at a heating rate 10 C/min. The powder XRD pat-
terns of the ligand and its lanthanum(III) complex were
recorded using Siemens D 5005 model X-ray spectrometer.
The ligand and its complexes were characterized with a scan-
ning electron microscope (SEM) (Philips XL 30) with gold
coating. Solid state d.c. electrical conductivity was measured
using a four probe conductivity meter. Antibacterial and anti-
fungal activities of the ligand and its metal complexes were
tested by Kirby–Bauer disk diffusion method.
2.3. Synthesis of ligand
2-Amino-3-carboxyethyl-4,5-dimethylthiophene was prepared
according to the literature method (Sabins, 1994).
To a solution of the 2-amino-3-carboxyethyl-4,5-dimethyl-
thiophene (0.01 mol) in ethanol (30 ml) a solution of 2-hydro-
xy-1-naphthaldehyde (0.01 mol) dissolved in ethanol (40 ml)
was added dropwise with constant stirring. Also a drop of
piperidine was added as condensing agent and reﬂuxed on a
water-bath for about 2 h. The solution was then concentrated
and allowed to cool. The solid product was separated by
ﬁltration, puriﬁed by recrystallization from ethanol and dried
in vacuum. Yield 80%, m.p. 138 C. Anal. Calcd. for
Table 1 Molar conductance and magnetic moment data of
lanthanide(III) chloride complexes.
Complexes Molar conductance (X1 cm2 mol1) leﬀ (BM)
DMF DMSO
[La(HNAT)Cl3] 12.6 8.5 D
[Ce(HNAT)Cl3] 12.9 8.8 2.49
[Pr(HNAT)Cl3] 11.2 7.3 3.57
[Nd(HNAT)Cl3] 12.8 8.7 3.66
[Sm(HNAT)Cl3] 12.3 8.3 1.55
[Eu(HNAT)Cl3] 11.5 7.4 3.41
[Gd(HNAT)Cl3] 11.9 7.9 7.87
D-Diamagnetic.
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67.97; H, 5.42; N, 3.90%. Mol. Mass, 353.4.
2.4. Synthesis of metal complexes
To a magnetically stirred solution of the Schiff base
(0.001 mol) in ethanol (40 ml), lanthanide(III) chloride
(0.001 mol) dissolved in ethanol (10 ml) was added dropwise.
After reﬂuxing for 10 h on a waterbath, the pH was adjusted
to  6.5 and again reﬂuxing continued for about another 8 h
and kept overnight. The solid product separated was ﬁltered,
washed with ethanol and dried in vacuum.
Yield 65%, m.p. > 300 C. Anal. Calcd. for C20H19O12S-
NLa: Calcd.: C, 40.12; H, 3.20; N, 2.34; La, 23.20%. Found:
C, 40.10; H, 3.17; N, 2.40; La, 23.21%. Mol. Mass, 598.7.
Yield 67%, m.p. > 300 C. Anal. Calcd. for C20H19O12S-
NCe: Calcd.: C, 40.04, H, 3.19; N, 2.33; Ce, 23.36%. Found:
C, 40.02; H, 3.16; N, 2.42; Ce 23.36%. Mol. Mass, 599.6.
Yield 66%,m.p. > 300 C.Anal. Calcd. for C20H19O12SNPr:
Calcd.: C, 39.99; H, 3.19; N, 2.33; Pr, 23.46%. Found: C, 39.96;
H, 3.16; N, 2.45; Pr, 23.47%. Mol. Mass, 600.4.
Yield 65%, m.p. > 300 C. Anal. Calcd. for
C20H19O12SNNd, Calcd.: C, 39.77; H, 3.17; N, 2.32; Nd,
23.88%. Found: C, 39.75; H, 3.17; N, 2.43; Nd, 23.93%.
Mol. Mass, 604.4. Yield 69%, m.p. > 300 C. Anal. Calcd.
for C20H19O12SNSm, Calcd.: C, 39.37; H, 3.14; N, 2.30; Sm,
24.64%. Found: C, 39.39; H, 3.14; N, 2.35; Sm, 24.65%.
Mol. Mass, 609.8. Yield 68%, m.p. > 300 C. Anal. Calcd.
for C20H19O12SNEu, Calcd.: C, 39.27; H, 3.13; N, 2.29; Eu,
24.84%. Found: C, 39.28; H, 3.13; N, 2.38; S, 5.32; Eu,
24.85%. Mol. Mass, 611.4. Yield 69%, m.p. > 300 C. Anal.
Calcd. for C20H19O12SNGd. Calcd.: C, 38.93; H, 3.10; N,
2.27; Gd, 25.48%. Found: C, 38.95; H, 3.11; N, 2.33; Gd,
25.50%. Mol. Mass, 616.7.
2.5. Transesteriﬁcation
Transesteriﬁcation of lanthanide(III) chloride complex was
carried out by a reported method (Jursick and Hajek, 1975).
Lanthanide(III) chloride complex (0.2 g) was suspended in
methanol (100 ml) and reﬂuxed for 72 h on a waterbath. The
resulting solution was evaporated to dryness and the solid
product obtained was washed repeatedly with ether and dried.
The same procedure was repeated using n-propyl alcohol.
2.6. Antimicrobial activity
Antibacterial and antifungal activities of the ligand and its me-
tal complexes were tested in vitro against the gram positive
bacterial species, S. aureus, B. subtilis; gram negative bacterial
species, E. coli, P. aeruginosa and two fungal species, A. niger
and C. albicans by the disk diffusion method (Bauer et al.,
1966). Streptomycin and Nystatin were used separately as
standards for antibacterial and antifungal activity tests respec-
tively. Nutrient agar was used as basal medium for the cul-
tured bacteria. A series of different concentrations of the
compounds in dimethylformamide (DMF) solvent were placed
on the surface of the culture and incubated at 37 C for 24 h
for the bacterial culture. The antifungal activity was executed
with potato agar medium in DMF as solvent and incubated
at 37 C for 72 h. The minimum inhibitory concentration(MIC) was considered to be the lowest concentration, which
exhibited the same turbidity as the blank tube and the MIC
was determined by serial dilution technique (Jain et al., 2010).3. Results and discussion
The scheme of formation of ligand (HNAT) can be repre-
sented as.
The synthesized ligand and its metal complexes are stable inair, non-hygroscopic solids and possess good keeping qualities.
The ligand is soluble in common organic solvents but the com-
plexes are soluble in DMF and DMSO. Analytical data indi-
cate 1:1 metal–ligand stoichiometry. Attempts to prepare 1:2
complexes were not successful presumably due to steric fac-
tors. Formation of the complexes can be represented by the
following equation.
LnCl3 þHNAT ! ½LnðHNATÞCl3
The analytical data are in good agreement with calculated
values, as expected for the assigned formula [Ln(HNAT)Cl3]
where Ln = La(III), Ce(III), Pr(III), Nd(III), Sm(III), Eu(III)
or Gd(III) and HNAT= 2-[N-(20-hydroxy-1-naphthylid-
ene)amino]-3-carboxyethyl-4,5-dimethylthiophene.
The molar conductance data of the metal complexes were
measured in DMF and DMSO using 103 M solutions at room
temperature. The low molar conductivity values (Table 1) ade-
quately conﬁrmed the non-electrolytic nature (Geary, 1971) of
the metal complexes.
3.1. Mass spectra
The fast atom bombardment mass spectrum of HNAT (Fig. 1a)
recorded at room temperature shows the fragmentation pattern
with the base peak at m/z= 353 (C20H19O3N1S1), that
Figure 1 The mass spectra of (a) HNAT and (b) lanthanum(III) chloride complex.
382 K. Mohanan et al.corresponds to molecular mass of the HNAT. The fragments at
m/z 280, 154 and 124 correspond to the loss of C3H5O2,
C9H11O2SN and C10H13O3SN groups. The molecular formula
of lanthanide(III) chloride complexes (Fig. 1b) was further
conﬁrmed by mass-spectral fragmentation analysis. Many
lanthanides possess several isotopes and themass peak fragmen-
tation patterns are further characteristic of the nature of the
cation present. Neodymium(III) and samarium(III) have sev-
eral isotopes and the peak pattern of the complex containing
thesemetals is thereforemuchmore complicated. Themolecular
ion peak at m/z 353 corresponds to molecular mass of the
HNAT. Also for lanthanum(III) chloride complex the molecu-
lar ion peak was observed in the mass spectrum at m/z 598 that
conﬁrms the stoichiometry ratio of the 1:1 type proposed
structure.3.2. Infrared spectra
The prominent IR spectral assignments of HNAT (Fig. 2) and
its complexes are presented in Table 2. The IR spectrum of
HNAT shows a broad band ranging from 3300 to 3100 cm1
and centered at 3175 cm1, due to internally hydrogen bonded
naphtholic (OH) stretching vibration. This band was shifted to
a higher frequency and became less broad showing a peak cen-
tered around 3230 cm1 in complexes, indicating that the eno-
lic –OH group is coordinated to the lanthanide(III) ion
without deprotonation (Mohanan and Devi, 2006). It has been
reported that the interaction of lanthanide(III) ion with enolic
oxygen does not increase the acidity to be sufﬁcient for ioniza-
tion of the proton (Mohanan et al., 2009). This is further sup-
ported by an upward shift of naphtholic (C–O) group of the
Figure 2 The IR spectrum of HNAT.
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indicating coordination of the naphtholate oxygen to the metal
ion without deprotonation. An intense band at 1700 cm1 of
the ligand corresponding to the ester carbonyl group
m(C‚O) on the thiophene moiety was shifted to a lower fre-
quency by about 35–40 cm1 upon chelation, suggesting coor-
dination of the ester carbonyl oxygen with lanthanide(III) ion
(Wang et al., 2007). A medium intensity band at 1621 cm1 in
the spectrum of HNAT due to m(C‚N) is shifted by about 20–
25 cm1 to a lower frequency in the metal complexes that
shows the involvement of azomethine nitrogen in bonding
(Shebl et al., 2010). Substituted thiophene ring vibrations
occurring in the ligand at 1525, 1420 and 1355 cm1 remain
unaffected in metal complexes (Daniel et al., 2008). This
clearly indicates the non-participation of ring sulfur atom in
coordination with metal ion. Far IR spectra of all the metal
complexes exhibited vibrational bands (Karthikeyan et al.,
2006; Mohanan and Devi, 2006) in the region of 430–440,
355–360 and 315–320 cm1, assignable to m(Ln–O), m(Ln–N)
and m(Ln–Cl) vibrational bands respectively. The absence of
m(Ln–S) band in the far IR spectra of metal complexes further
conﬁrmed the non-participation of thiophene ring sulfur atom
in bond formation. Thus the IR spectral data indicate that the
HNAT behaves as a tridentate coordinating to the metal ion
through azomethine nitrogen, ester carbonyl oxygen and
naphtholate oxygen without deprotonation.
3.3. 1H NMR spectra
Proton NMR spectra of HNAT and its lanthanum(III) chlo-
ride complex show the following signals in DMSO-d6 solutionTable 2 Infrared and far infrared spectral data (cm1) of HNAT a
Compound m(OH) m(C‚O) m(C‚N)
HNAT 3175 1700 1621
[La(HNAT)Cl3] 3230 1663 1601
[Ce(HNAT)Cl3] 3225 1665 1597
[Pr(HNAT)Cl3] 3240 1660 1596
[Nd(HNAT)Cl3] 3230 1662 1598
[Sm(HNAT)Cl3 3230 1665 1600
[Eu(HNAT)Cl3] 3220 1664 1596
[Gd(HNAT)Cl3] 3225 1663 1598and are shown in Fig. 3a and b. The peak observed at
14.10 ppm, characteristic of intramolecular hydrogen bonded
enolic proton of the free HNAT, was shifted to 13.92 ppm in
the spectrum of the complex, indicating the coordination of
the enolic OH to the metal ion without deprotonation. Signal
for the hydrogen of the azomethine group observed at
9.10 ppm in the HNAT was shifted downﬁeld by 0.19 ppm in
the spectra of the metal complexes. Signals for methyl and
methylene protons of the ester group of the thiophene moiety
were observed at 1.20 and 3.70 ppm, respectively. In the
HNAT, aromatic proton signals that appeared in the range
of 6.88–8.10 ppm were shifted downﬁeld by about 0.10–
0.20 ppm in the spectrum of the complex. Also the signals
appearing at 2.27 and 2.23 ppm may be attributed to the two
methyl groups at 4th and 5th positions of the thiophene moiety
of the HNAT and these are slightly shifted in the metal
complexes.3.4. Electronic spectra
The structure of Schiff base derived from 2-hydroxy-1-naph-
thaldehyde based on UV–Vis spectrum was examined by
Antonov and co-workers and suggested the existence of phen-
olimine–quinoneamine tautomeric forms in such Schiff bases
and characteristic bands have been assigned for these tautom-
ers (Antonov et al., 2000). In the present case also there is a
possibility of phenolimine–quinoneamine tautomerism in the
HNAT (Fig. 4). The ligand shows two absorption bands at
278 and 323 nm, characteristic of phenolimine form of the
HNAT in the solid state. These bands can be assigned to
gﬁ g* and nﬁ g* transitions, respectively of the azomethine
group. In the metal complexes these bands do not undergo
any appreciable change but slightly red shifted indicating that
the HNAT ligand moiety exists in the complexes in the phen-
olimine form itself. Lanthanum(III) chloride complex has no
signiﬁcant absorption in the visible region, due to the absence
of 4f orbital electrons. Visible spectral bands of the lantha-
nide(III) complexes are hypersensitive to stereochemistry (Kar-
raker, 1967). The absorption bands of praseodymium(III),
neodymiun(III) and samarium(III) complexes in the UV and
Visible regions appear due to the transitions within 4f levels
which are normally forbidden but may become allowed after
the removal of degeneracy of 4f orbitals by an external crystal
ﬁeld (Gopalakrishnan et al., 2004). For other lanthanide(III)
complexes, no absorption bands due to f–f transitions could
be located in the visible region probably due to the fact that
the f–f bands are very weak and are obscured by the intense
charge transfer bands that appear in this spectral region.nd its metal complexes.
m(C–O) m(Ln–O) m(Ln–N) m(Ln–Cl)
1291 – – –
1310 438 360 321
1311 435 356 317
1310 430 355 315
1312 436 357 315
1309 435 356 320
1311 438 357 318
1313 440 355 320
Figure 4 Schematic structure of keto–enol tautomerism of
HNAT.
Figure 3 The proton NMR spectra of (a) HNAT and (b) lanthanum(III) chloride complex.
384 K. Mohanan et al.3.5. Magnetic properties
The room temperature magnetic moments are characteristic of
trivalent lanthanide(III) ions showing very close agreement
with theoretical values calculated from VanVleck formula
(VanVleck and Frank, 1924) indicating minor participation
of 4f electrons in bond formation because they are well
shielded by 5s25p6 electrons. The magnetic moment data
(Table 1) show that lanthanum(III) chloride complex is dia-
magnetic in nature while all other complexes are paramagnetic,
as expected. However, in the case of samarium(III) and euro-
pium(III) complexes, a slight variation from VanVleck values
is observed due to low J–J separation which leads to thermal
population of higher energy levels.
3.6. Powder XRD
The powder XRD of HNAT (Fig. 5a) and lanthanum(III)
chloride complex (Fig. 5b) was scanned in the range of 5–100 at the wavelength of 1.5406 A˚. The diffractogram and
associated data depict the 2h value for each peak, relative
Figure 5 XRD patterns of (a) HNAT and (b) lanthanum(III) chloride complex.
Table 3 Powder XRD data of HNAT.
d Spacing (A˚) Calcd. (2h) Obs.(2h) Obs. (Sin2h) Calcd. (Sin2h) hkl
8.5728 9.9675 10.31 0.00806 0.00754 110
6.2192 12.9745 12.796 0.01240 0.01276 120
5.8190 14.9780 15.214 0.01750 0.01698 111
5.2687 17.1399 16.814 0.02135 0.02220 121
5.1610 18.1845 17.976 0.02438 0.02497 210
5.0912 20.0110 19.082 0.02744 0.03018 220
4.2139 21.3810 21.065 0.03338 0.03441 211
3.8893 22.9650 22.847 0.03918 0.03963 221
3.5263 25.9798 25.235 0.04766 0.05052 122
2.9242 30.2208 30.546 0.06932 0.06795 222
2.8136 35.0708 34.589 0.08829 0.09077 103
2.5082 36.4351 38.816 0.11031 0.09773 123
2.2802 38.7288 39.367 0.11334 0.10994 213
2.1617 39.6748 41.750 0.12684 0.11516 223
Table 4 Powder XRD data of lanthanide(III) chloride
complex.
d-Spacing (A˚) Calcd. (2h) Obs. (2h) Obs. (Sin2h) Calcd. (Sin2h) hkl
6.8536 12.90625 12.9888 0.012793 0.012619 011
6.1619 14.36228 14.66558 0.016291 0.015611 110
5.3758 16.47585 17.0299 0.021924 0.02051 111
5.5819 19.35623 19.84541 0.029694 0.028234 120
4.1881 21.19623 20.50068 0.031666 0.033792 102
4.0545 21.90291 22.41203 0.037767 0.036055 120
3.8654 22.98879 22.7279 0.038825 0.03967 112
3.6944 24.06887 24.05142 0.043401 0.043429 121
3.6218 24.55862 25.66232 0.049319 0.045187 211
3.4226 26.01215 26.02613 0.050703 0.050599 003
3.2504 27.41653 27.83744 0.057862 0.056103 013
3.0985 28.78842 28.43041 0.060302 0.061737 122
Synthesis, spectroscopic characterization, solid state d.c. electrical conductivity and biological studies 385intensity and interplanar spacing values are tabulated in
Tables 3 and 4. The XRD pattern of HNAT and its lantha-
num(III) chloride complex with respect to major peaks having
relative intensity greater than 10% has been indexed by
XRDA software. The unit cell value of HNAT yielded the
lattice constants parameters, a= 10.1324 A˚, b= 18.5173 A˚,c= 7.9473 A˚ and unit cell volume V= 1491.104 (A˚)3.
Lanthanum(III) chloride complex yielded values of lattice con-
stants, a= 8.060 A˚, b= 9.104 A˚, c= 10.262 A˚ and unit cell
volume, V= 753.020 (A˚)3. Therefore the HNAT and the
complex have crystallized in orthorhombic crystal systems.
The grain size was estimated using Scherrer (Cullity and Stock,
2001; Scherrer, 1918; Dhanaraj and Nair, 2009) formula,
Figure 6 SEM micrographs of (a) HNAT and (b) lantha-
num(III) chloride complex.
Figure 8 The structure of lanthanide(III) chloride complexes.
Figure 7 The d.c. electrical conductivity of lanthanide(III)
chloride complexes.
386 K. Mohanan et al.dXRD = 0.9k/(bcosh). HNAT and its lanthanum(III) chloride
complex have the average crystallite size of 24 and 35 nm,
respectively suggesting that these systems exhibit in nanocrys-
talline phase.
3.7. SEM
The SEM micrographs of HNAT and its lanthanum(III) chlo-
ride complex are presented in Fig. 6a and b. SEM images show
that particles are agglomerated with controlled morphological
structure and the presence of small grains in non-uniform size.
The average grain size found from SEM shows that the com-
plex is polycrystalline with nano sized grains. However, parti-
cles with size less than 100 nm were also observed which group
to form agglomerates of larger size. The average crystallite size
obtained from XRD also shows that the particles were
agglomerated that these complexes have polycrystalline with
nanosized grains.
3.8. Thermogravimetric studies
The thermal behavior of HNAT, and its lanthanum(III) chlo-
ride complexes was examined using TG and DTG methods.
The thermogram indicates that HNAT is stable in air at room
temperature and it starts to decompose when the temperature
rises to 180 C. The thermal decomposition follows two stages.
The ﬁrst stage of decomposition involves the loss of aminothi-
ophene moiety which corresponds to the peak temperature of
282 C. The second stage of decomposition corresponds to the
loss of 2-hydroxy-1-naphthaldehyde with peak temperature of
478 C.
Lanthanum(III) chloride complex is stable up to 200 C
and then begins to decompose in two steps. The ﬁrst stage of
decomposition occurred in the temperature range of 200–300 C with a mass loss of 15.38% (calculated value,
16.74%). This percentage mass loss was assigned to the loss
of an aminothiophene moiety from the ligand. The DTG curve
indicated a peak at 273 C. The second stage of decomposition
started at 490 C and continued up to 600 C with DTG peak
at 512 C. The second stage decomposition of the complex oc-
curred with a mass loss of 85.40% (calculated value, 85.85%)
and is consistent with the complete decomposition of the com-
plex; elimination of ligand moiety and oxidation to La2O3.
Apart from providing valuable insight into the thermal stabil-
ities of the complexes, these studies also helped in characteriz-
ing the complexes. The mass loss of the ﬁnal stage of
decomposition has been in good agreement with the mass loss
obtained in independent pyrolysis experiment.
3.9. Electrical conductivity
Solid state d.c. electrical conductivity of lanthanide(III) chlo-
ride complexes in the compressed pellet form (5 ton cm2) of
diameter 10 mm and thickness 1 to 2 mm coated with silver
paste was measured in the temperature range of 30–225 C.
The pellet was dried at 100 C for 24 h in air, and then the sam-
ple was allowed to cool slowly to room temperature. Resistive
behavior of these samples was studied as a function of temper-
ature using a four probe conductivity meter. The (Fig. 7) log-
arithm of electrical conductivity (logr) versus reciprocal of
Figure 9 The geometrical optimization structures of (a) HNAT and (b) metal complexes.
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ium(III) and gadolinium(III) chloride complexes was plotted.It is observed from the ﬁgure (Fig. 7) that, as the temperature
increases there is a gradual decrease in d.c. resistivity. A linear
Figure 10 Antimicrobial activities of HNAT and its metal
complexes.
Table 5 Antibacterial activity of HNAT and its lantha-
nide(III) chloride complexes.
Compound Zone of inhibition (mm)
S. aureus B. subtilis E. coli P. aeruginosa
HNAT 16 17 17 15
[La(HNAT)Cl3] 23 25 26 22
[Ce(HNAT)Cl3] 21 22 24 20
[Pr(HNAT)Cl3] 20 20 22 21
[Nd(HNAT)Cl3] 22 24 25 23
[Sm(HNAT)Cl3] 20 21 20 20
[Eu(HNAT)Cl3] 21 20 22 21
[Gd(HNAT)Cl3] 20 23 20 20
Streptomycina 28 30 31 28
a Standard.
Table 6 Antifungal activity of HNAT and its lanthanide(III)
chloride complexes.
Compound Zone of inhibition (mm)
A. niger C. albicans
HNAT 11 12
[La(HNAT)Cl3] 20 21
[Ce(HNAT)Cl3] 18 20
[Pr(HNAT)Cl3] 18 19
[Nd(HNAT)Cl3] 19 20
[Sm(HNAT)Cl3] 17 18
[Eu(HNAT)Cl3] 19 20
[Gd(HNAT)Cl3] 18 19
Nystatina 25 28
a Standard.
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electrical conductivity, indicates the semiconducting behavior
of these compounds (Badwaik and Aswar, 2008). The electrical
conductivity (r) varies exponentially with the absolute temper-
ature according to the relation r= r0 exp(Ea/KT), where r0
is constant, Ea is the activation energy of electrical conduction,
T the absolute temperature and K the Boltzmann constant.
The values of activation energy (Ea) of electrical conduction
of lanthanum(III), samarium(III) and gadolinium(III) chloride
complexes are found to be 1.36,1.38 and 1.42 eV respectively.
The increase in conductivity can be explained on the basis of
clustering of ions. The formation of clusters effectively lowers
the concentration of stable bands and conduction will be due
to the hopping process. The calculated activation energy may
be attributed to the interaction between the electrons of d-orbi-
tals of cation and the p-orbitals of the ligand. Thus, interaction
will localize the p-electronic charge on the ligand molecules
(Avaji and Patil, 2008).
3.10. Transesteriﬁcation
Transesteriﬁcation is a process which involves the interchange
of ester fragment on the substituent group attached to the
coordinated azomethine group. On reﬂuxing with alcohols
for a long period, metal chelates of carboxylic esters undergo
transesteriﬁcation. This interchange is favoured by the thermo-
dynamic factors also. In the present investigation, it has been
found that the ethyl derivative of lanthanum(III) chloride
complex when subjected to transesteriﬁcation reaction in
methanol and n-propyl alcohol medium forms the methyl
and n-propyl derivative of the complex. The physical as well
as chemical behavior of the product obtained after transesteri-
ﬁcation has been entirely different from that of ethyl deriva-
tive, this was well supported by its spectral results. The ester
carbonyl stretching frequency for the methyl derivative at
1695 cm1 is a direct evidence of the occurrence of transesteri-
ﬁcation. The 1H NMR of the product again conﬁrmed the sub-
stitution of ethyl group by methyl/n-propyl group. Although
several mechanisms have been proposed to explain this reac-
tion, it appears that increased nucleophilicity of the acyl car-
bon atom induced by the azomethine group is of great
importance. Those groups having I effect increase the reac-
tivity of the alkoxy carbonyl group. Because of this, the alkoxy
carbonyl group attached to the a-carbon atom can be transe-
steriﬁed easily.
On the basis of spectral data and physicochemical studies
the structure as in Fig. 8 has been tentatively proposed for
the lanthanide(III) chloride complexes. The computer models
(Nair and Thankamany, 2011; Hyperchem, 2005) of the pro-
posed conﬁgurations have been constructed using the software
Hyperchem 7.5. The geometrical optimizations of the struc-
tures obtained are presented in Fig. 9a and b.
3.11. Antimicrobial activity
The results of antibacterial and antifungal activities of HNAT
and its metal complexes are summarized in Tables 5 and 6. The
bar diagram results (Fig. 10) showed that the HNAT is biolog-
ically active and its lanthanide(III) chloride complexes exhibit
enhanced antibacterial and antifungal activities against differ-
ent types of bacterial and fungal species. The antibacterialscreening revealed that the metal complexes showed potential
antibacterial activity against all the bacterial strains than the
HNAT. Remarkable enhancement was found for the
Table 7 The MIC results of HNAT and its lanthanide(III) chloride complexes in lg/ml.
Compounds Bacterial strains Fungal strains
S. aureus B. subtilis E. coli P. aeruginosa A. niger C. albicans
HNAT 40 30 30 35 50 50
[La(HNAT)Cl3] 10 10 10 10 15 15
[Ce(HNAT)Cl3] 15 20 10 15 20 20
[Pr(HNAT)Cl3] 15 15 20 10 15 15
[Nd(HNAT)Cl3] 10 10 10 10 25 20
[Sm(HNAT)Cl3] 15 20 10 15 15 20
[Eu(HNAT)Cl3] 20 15 15 15 20 15
[Gd(HNAT)Cl3] 15 20 15 20 15 20
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higher antibacterial activity of the metal complexes compared
to the HNAT can be attributed to the change in structure due
to coordination and chelation tends to make metal complexes
act as more powerful and potent bacteriostatic agents, thus
inhibiting the growth of microorganisms (Raman et al.,
2009). Furthermore coordination reduces the polarity of the
metal ion mainly because of partial sharing of its positive
charge with the donor group within the chelate ring system.
This process, in turn, increases the lipophilic nature of the cen-
tral metal atom which favors its permeation more efﬁciently
through the lipid layer of microorganisms. The mode of action
of HNAT may also involve the formation of hydrogen bonds
through the azomethine nitrogen atom with the active centers
of all the constituents, resulting in interference with normal cell
process (Mohamed et al., 2010).
The MIC results (Table 7) of the compounds were studied
against the bacterial and fungi strains. The MIC of lantha-
num(III) chloride complex was found to be at 10 lg/ml. In
the case of antifungal activity, all the metal complexes possess
higher antifungal activity than the ligand. Apart from chela-
tion factors capable of increasing the lipophilic nature and po-
lar substituent’s attached to the thiophene ring have been
expected to enhance the antifungal properties. In this case
the MIC of lanthanum(III) chloride complex was found to
be at 15 lg/ml.
4. Conclusion
On the basis of spectral studies, it was observed that the ligand
HNAT possessed an enolimine structure and this structural
form of the ligand persisted in the metal complexes also. Coor-
dination number six was assigned for the lananthum(III) chlo-
ride complexes. The XRD pattern of HNAT and its
lananthum(III) chloride complex has the crystallite size of 24
and 35 nm, respectively. The semiconductor behavior has been
inferred from the d.c. electrical conductivity studies. Antibac-
terial and antifungal studies conﬁrmed that the ligand is bio-
logically active and their lanthanide(III) chloride complexes
show enhanced activity against different strains upon coordi-
nation and the same trend has been found for MIC.Acknowledgements
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